High entropy alloys represent a new paradigm of structural alloy design consisting of (near) equal proportions of constituent elements resulting in a number of attractive properties. In particular, eutectic high entropy alloys offer a remarkable combination of high strength and good ductility from the synergistic contribution of each phase in the eutectic, thereby circumventing the strength-ductility trade-off in conventional structural materials. In the present study, wear and corrosion behavior were evaluated for the AlCoCrFeNi 2.1 eutectic high entropy alloy consisting of BCC (B2), and FCC (L1 2 ) lamellae. A transition from adhesive to oxidative wear was observed in reciprocating wear analysis. The L1 2 phase with lower hardness preferentially deformed during the wear test. The ratio of hardness to modulus was almost two times higher for the B2 phase as compared to L1 2 . The overall corrosion resistance of the eutectic high entropy alloy was comparable to 304 stainless steel in 3.5 wt% NaCl solution. However, detailed microscopy revealed preferential dissolution of the B2 phase. Phase-specific scanning kelvin probe analysis showed relatively higher electropositivity for the B2 phase as compared with L1 2 , supporting the selective corrosion and higher coefficient of friction of B2.
INTRODUCTION
Multi-principal element alloys represent a new paradigm in the design of advanced materials consisting of (near) equal proportions of constituent elements. These are often termed as high entropy alloys (HEAs) because high configurational entropy suppresses the formation of intermetallic compounds and leads to simple microstructures and attractive engineering properties. In particular, complex-phase HEAs are finding increasing research interest as they bring together the superior properties of singlephase HEAs and precipitation strengthening effects of superalloys. In some of these alloys, the secondary phase is in the form of uniform dispersoids in a single-phase matrix, 1, 2 while for others it is in the form of lamellae as in the case of eutectic HEAs (E-HEAs) such as AlCoCrFeNi 2.1 , 3 Nb 25 Sc 25 Ti 25 Zr 25 , 4 and CoCrFeNiNb x . 5 These alloys demonstrate a unique combination of excellent tensile/compressive strength, good ductility, high hardness, and good oxidation resistance. Slight changes in elemental constituents or thermal processing results in significant enhancement of mechanical properties in eutectic HEAs including tensile and compressive strength as well as elongation. Due to the synergistic contribution of the constituent phases, these alloys are promising in terms of circumventing the strength-ductility trade-off seen in conventional structural materials. Among the reported eutectic HEAs, AlCoCrFeNi 2.1 E-HEA in particular has been found to be highly tunable, where a wide range of microstructures and excellent mechanical properties have been obtained by thermomechanical processing (such as severe cold rolling 6 or friction stir processing 7 ). Synergistic contribution from ductile face centered cubic (L1 2 ) and ordered body centered cubic (B2) phases in this alloy results in a combination of high strength and excellent ductility during tensile deformation. However, there is very limited understanding of the surface degradation behavior for E-HEAs. Use of these alloys as structural engineering materials requires good understanding of their surface degradation mechanisms including corrosion, erosion, and wear behavior. 8 High wear resistance of single-phase HEAs has been attributed to their relatively higher hardness from solid solution strengthening. 9, 10 In addition, high corrosion resistance of single-phase HEAs stems from the high degree of microstructural homogeneity devoid of local corrosion initiators such as galvanic sites, intermetallic compounds, grain boundary precipitates, and sensitization elements. [11] [12] [13] However, there are limited reports and very little understanding of surface degradation mechanisms in complex-phase and eutectic HEAs. This is not only important from the point of view of fundamental scientific understanding but also in determining the application worthiness of these alloys. Surface degradation studies of complex HEAs reveal unique microstructural dependence in terms of nano-galvanic coupling, 14 anodic pit initiation, 15 and grain boundary corrosion 16 to name a few. Here, we report on the surface degradation behavior and mechanisms in AlCoCrFeNi 2.1 E-HEA. The wear behavior and mechanisms were studied by bulk sliding reciprocating tests while corrosion resistance was evaluated by cyclic polarization and electrochemical impedance spectroscopy (EIS). Phase-specific response in the eutectic was quantified using SKP microscopy to relate the electronegativity to the electrochemical and friction behavior at the microstructural length-scales. Nano-indentation was used to explain the hardness contribution from each phase to material degradation behavior in terms of wear volume loss while small-scale scratch test was utilized to quantify phase-specific friction behavior.
RESULTS AND DISCUSSION
The microstructure of the as-cast alloy showed typical lamellar morphology as shown in the back-scattered SEM image in Fig. 1a , with an average grain size of~75 ± 25 µm. Figure 1b shows the electron backscatter diffraction (EBSD) phase map of the L1 2 /B 2 lamellar structures. Fine parallel B2 lamellae (green color) are seen distributed within the L1 2 phase (violet color). The average thickness of L1 2 phase was observed to be~0.6 μm while it was 0.25 μm for the B2 phase. The volume fraction of L1 2 was~68% while B2 was 32%. TEM analysis was performed to confirm the presence of ordered L1 2 /B2 phases as shown in Fig. 1c . Distinct contrast can be seen in the lamellae regions, bright and dark for L1 2 and B2, respectively. The inset in Fig. 1c shows the selected area diffraction patterns (SAEDs) obtained from the two phases. The presence of super-lattice spots in both SAEDs confirms the L1 2 and B2 ordered structures. Energy dispersive X-ray spectroscopy (EDS) mapping of the alloy showed different compositions for L1 2 and B2 as summarized in Table 1 .
Wear resistance of the AlCoCrFeNi 2.1 E-HEA was quantified by sliding reciprocating wear tests. SEM images of wear tracks obtained after 2 min up to 120 min of sliding duration are shown in Fig. 2 in secondary electron and back-scattered electron modes. The wear track obtained after 2 min sliding predominantly showed patches of re-deposited material, an indication of adhesive wear. However, no significant stiction of wear debris or wear particles were observed on the ball. This may be attributed to the continual dislodging of particles from the counterface during sliding-reciprocation action.
The back-scattered electron images in Fig. 2 clearly show increasing darker phase with increasing sliding duration, indicating a gradual transition in wear mechanism. A high magnification image of the wear track after 120 min sliding duration is shown in Fig. 3a while the EDS map of the surface close to the wear track edge (red box in Fig. 3a) is shown in Fig. 3b . The wear track was characterized by high concentration of oxygen (up to 24 at.%), which indicates oxidation of the surface from temperature rise during sliding. The extent of surface oxidation increased almost linearly with increasing sliding duration as deduced from Fig. 2 and corresponding EDS spectra. To evaluate the nature of the oxide scale on wear track, Raman spectroscopy was done for the sample and wear debris following the test. The Raman spectrum in Fig. 3c shows several overlapping peaks in the 700-1400 cm −1 range. These correspond to complex oxides of transition metals present in the alloy including Ni, Cr, and Co. The strong peak at 1035 cm −1 closely matched with the position for Cobalt oxide, indicating that CoO x formation was tribologically favorable. 17, 18 Complex Cobalt-Chromium oxides have been reported to be typically present in tribofilms and passivation layers of alloys containing the respective elements providing surface protection from aggressive degradation. 19, 20 A 3D reconstruction of the wear track obtained using white light interferometry is shown in Fig. 3d .
The wear track depth was~80 µm, indicating relatively higher wear volume loss compared to other recently studied complex HEAs. 21 The wear volume loss quantified using Gwyddion software is shown in Fig. 3e The steep initial wear rate may be due to the dominant adhesive wear with aggravated material loss due to the absence of protective tribolayers. Subsequently, the wear volume loss continued to increase but the rate of material loss was an order of magnitude lower from the formation of protective oxide tribolayer (oxidative mechanism). The magnitude of friction coefficient during the initial wear regime was higher at 0.65-0.70 and gradually lowered to 0.45-0.50 with progressive sliding. The initial higher friction coefficient may be attributed to the high metal-metal contact and inherently electropositive nature of the constituent elements that promotes strong adhesion. 22 However, the subsequently formed oxide and tribolayer may have effectively lowered the friction values after longer sliding distance. Besides wear track and macroscopic oxide The surface deformation mechanisms during wear were studied to gain fundamental understanding of the tribological system and material response to fatigue type loading, given the nature of repetitive sliding under a heavy normal load. Figure 4a shows surface deformation adjacent to the wear track after 120 min sliding. Extensive slip deformation was seen for the bright L1 2 phase while no significant deformation was seen in case of the darker B2 phase. A high magnification image of the inset area (Fig. 4b) shows extensive slip lines in the L1 2 phase discontinued at the L1 2 -B2 interface. The image also shows material dislodged from the counterface and deposited on to the edge of the wear track during sliding. Both phases deformed uniformly inside the wear track, and no inter-phase debonding or void formation is observed in Fig. 4c . It was recently reported that L1 2 phase can accommodate several arrays of parallel mobile dislocations and deform by planar slip. 23 This is due to the splitting of 1 2 111 h i dislocation into 1 6 112 h i Shockley partials and the formation of stacking faults between them. This restricts the slip to the {111} plane and effectively minimizes cross-slip. This is a characteristic feature of slip occurring in low stacking fault energy materials. B2 phase in the eutectic has been shown to fail in a brittle manner while L1 2 phase shows ductility and necking, leading to dualmode fracture in this alloy. 23 Our wear tests indicate that L1 2 and B2 phases may deform simultaneously, while B2 phase can accommodate medium density of dislocations. This was attributed to the 3D back-stress acting on L1 2 phase which can maintain synchronous deformation in heterogeneous systems. This back stress is further enhanced by semi-coherent boundaries between B2 and L1 2 phases, and the lower fraction of B2 lamellae. The accumulative effect of these conditions resulted in the activation of dislocation in the brittle B2 phase facilitated by high density of dislocation pile-up at the phase boundaries, and this modified the brittle behavior of B2 phase to accommodate deformation.
To understand the wear mechanism at microstructural lengthscale, phase-specific scratch behavior was evaluated with in situ observation of material removal mechanism. The variation in coefficient of friction (COF) across the scratch line is shown in Fig. 5a . The average COF for L1 2 was found to be~0.82, while it was~0.87 for the B2 phase. This is consistent with the bulk wear results which showed greater extent of deformation for L1 2 due to activation of multiple slip systems. As seen in the inset of Fig. 5a , almost no material was observed adhering to the cube-corner indenter. Furthermore, the material pile-up was different along the scratch line, as shown in Fig. 5b , with much larger amount of pileup for L1 2 compared to B2.
Phase-specific hardness and modulus measurements by nanoindentation are summarized in Table 2 , with the loaddisplacement curves shown in Fig. 6a . The B2 phase showed lower maximum displacement (~225 nm) as compared to L1 2 phase that had a peak displacement of 275 nm at 10 mN load. The location of the indent on the B2 and L1 2 phases are shown in Fig. 6b , c, respectively. At least ten indentations were performed on each phase. The B2 phase showed a hardness of 4.9 ± 0.71 GPa, while the L1 2 phase showed a hardness of 4.03 ± 0.39 GPa. The ratio of hardness to modulus was significantly higher for the B2 phase as compared to the L1 2 phase.
Although hardness is the dominant parameter which affects friction and wear behavior according to Archard's relation, 24 recent studies have shown that modulus also significantly affects wear resistance. 24 The ratio of hardness to modulus represents deformation relative to yielding. 25, 26 The ratio of H/E* calculated from nano-indentation are shown in Table 2 . The B2 phase showed a higher ratio (~0.027) compared to L1 2 phase (~0.018). A high H/E* ratio material shows greater elastic strain prior to plastic deformation compared to a lower H/E* material. 27 Thus, high H/E* ratio materials are expected to exhibit better wear resistance. As shown in Fig. 4b , the darker B2 phase with higher H/E* value was almost un-deformed during reciprocating wear test while the brighter L1 2 phase with lower H/E* value was plastically deformed showing extensive slip lines. A larger plastic strain was induced within the region with smaller H/E* ratio which led to higher contact area during wear and more material loss.
The corrosion resistance of the alloys was evaluated using accelerated electrochemical tests. The variation of open circuit potential (OCP) with immersion time in 0.6 M (3.5 wt.%) NaCl is shown in Fig. 7a . The alloy surface gradually developed a protective passive layer as evidenced by the continuous increase in voltage towards nobler potentials. The OCP stabilized after 6 ks. Following steady-state condition, the sample was perturbed with a small AC voltage (5 mV) and electrochemical impedance spectrum (EIS) was recorded. The EIS data are represented in the form of a Nyquist plot as shown in Fig. 7b . The shape of the Nyquist plot is an incomplete arc, the radius of which is directly proportional to the surface polarization resistance of the alloy. The curve was best-fitted with a modified Randles circuit to quantify the electrochemical parameters, namely charge transfer resistance (R ct ), solution resistance (R s ) and a constant phase element (CPE) to account for the heterogeneities of the surface. 28 The impedance of a CPE is defined as follows:
where j 2 = −1, ω is the angular frequency, Q is the magnitude of the CPE, and n is the exponent of the CPE related to the roughness of the surface. 29 The value of n is a measure of the deviation from pure capacitive behavior (n = 1). The values of the electrochemical parameters associated with the corrosion behavior of E-HEA and 304 stainless steel in 3.5 wt.% NaCl and the simulated values for the equivalent circuit elements are summarized in Table 3 . Due to the high resistance of the surface charge transfer, only a portion of capacitive loop was formed in the range of frequency in Nyquist plot. There is no indication of a second loop from adsorptive film on the specimen surface. 30 Although the E-HEA showed less noble behavior during potential-time experiment, it exhibited a higher charge transfer resistance than 304 stainless steel. Cyclic polarization tests were carried out after the EIS test (Fig. 7c) , in which a corrosion current density (i corr ) of 60 nA/cm 2 was achieved in NaCl, similar to values typically seen for austenitic stainless steel (types 304 and 316 L). 16, 31 The eutectic HEA showed a passivation range (E pit − E corr ) of~400 mV, which is lower than the range for 304 stainless steel (~700 mV). However, the area under the positive hysteresis loop in cyclic polarization plot was lower for E-HEA as compared with stainless steel, which could be an indication of less pitting susceptibility of E-HEA. The repassivation of the E-HEA during the potential reverse cycle occurred at~−100 mV vs. SCE. SEM images of the corroded surfaces are shown in Fig. 8 . Initial material removal comprised of uniform dissolution of B2 phase relative to L1 2 phase. This may be due to lower concentration of corrosion resistant elements such as Cr and Co in B2 phase relative to L1 2 phase. Figure 8a reveals that corrosion propagation was selective to grain orientation. Three regions are delineated with dotted lines along the grain boundaries. In Fig. 8a , the area delineated with blue line was observed to undergo mild corrosion whereas patches similar to the ones sandwiched between blue and red regions did not undergo any corrosion and remained intact. The separation between the corroded and pristine regions was along the grain boundaries. The region beyond the red boundary showed preferential corrosion of the B2 phase. The preferential dissolution of B2 relative to L1 2 was observed at higher magnifications (Fig. 8b) . However, the unaffected grains did not show any signature of selective dissolution of B2. The second mechanism observed in samples that were subjected to higher anodic currents was pitting, which was always preceded by localized corrosion of a grain wherein B2 phase was rapidly depleted. The extent of corrosion on the susceptible grains was again clearly defined by the grain boundaries, indicating that certain orientations were more prone to corrosion in the matrix. Confluence of material depleted triple junctions of B2 phase developed into a pit as seen in Fig. 8c .
For further understanding of localized electrochemical activity of the eutectic microstructure, SKP analysis was done to determine the relative work-function map. As shown in Fig. 9 , the relative work function varied over the surface, when the probe scanned the surface at a constant distance of 50 μm. The regions with higher work function corresponded to L1 2 while the B2 phase showed lower work function (Fig. 9a) . The parallel arrangement of the B2 lamellae within L1 2 phase is better observed in 2D SKP potential map (Fig. 9b) . The correlation between corrosion potential and work function investigated for crystalline 32 and amorphous 33 materials show that metallic alloys with higher work function typically show better corrosion resistance due to lower electropositivity. 34 In other words, corrosion is affected by the Fig. 8 a Low magnification SEM image of E-HEA after polarization test in 3.5 wt.% NaCl solution; b high magnification SEM image corresponding to the black box in the previous image showing preferential dissolution of B2 phase; c pitting in the corroded sample with pit initiation in the region with high B2 phase fraction surface electron behavior or electron activity, which may be characterized by work function. 35 Hence, the corrosion potential is affected by the local work function. 36 In case of eutectic HEA, L1 2 phase was found to be more resistant to corrosion due to its higher work function, indicating that electron release may be more difficult for L1 2 . The difference in work function of the present phases facilitates galvanic corrosion in addition to grainorientation dependent uniform corrosion. As shown in Fig. 8b , B2 phase got selectively removed due to its lower corrosion resistance, while L1 2 phase was slightly corroded. Hence, in addition to the difference in chemistry of the two phases in the eutectic, the formation of galvanic coupling may be explained from the work-function variations over the surface.
The difference in work function and electropositivtiy of B2/L1 2 supports the scratch behavior of the alloy as well. Higher adhesion for metal-on-metal wear has been reported for more electropositive alloys. 34 Buckley's hypothesis 37 suggests that chemically active metals (i.e., electron donors) are prone to strong adhesion as opposed to inert metals. 38 Therefore, it can be concluded that the more electropositive nature of B2 phase might have resulted in a stronger adhesion to the cube-corner indenter and resulted in higher localized stresses (Fig. 5a) .
Surface degradation behavior of a two-phase E-HEA, AlCoCrFeNi 2.1 , was investigated. The wear behavior was observed to linearly increase with increasing sliding duration (Fig. 3) . The mechanism of wear was initially abrasive wear that gradually transitioned into oxidation wear with prolonged sliding. Corrosion current density was comparable to 304 stainless steel (Fig. 7) . Corrosion was predominantly galvanic, with the B2 having more anodic character than the L1 2 phase. The corrosion behavior of the alloys was observed to have a close correlation with the relative work-function values of the two phases: L1 2 phase with higher work function showed higher corrosion resistance, while B2 phase with relatively lower work function was more susceptible to dissolution (Fig. 9) . The difference in electronegativity from variation in work function explained the phase-specific friction and scratch behavior, as well. For overall comparison, the properties of each phase are summarized in Table 4 .
METHODS
The AlCoCrFeNi 2.1 E-HEA was cast by melting weighted proportions of pure elements in a vacuum arc-melter. The alloy was homogenized by melting at least five times followed by removal of surface defects and imperfections. The alloy was cut, mounted, and polished to a mirror finish for microscopy and nano-indentation studies. The density of the alloy was calculated by determining volume using AccuPyc gas pycnometer and mass using Sartorius sensitive balance. FEI Quanta scanning electron microscope (SEM) with built-in EDS was used for microstructure evaluation. At least five area scans were performed at different regions to determine the composition of each phase. EBSD analysis was conducted using FEI Nova Nano SEM230. Transmission electron microscopy (TEM) imaging was performed using Philips EM-420 operating at 120 kV. TEM foil was prepared by FEI Nova NanoLab 200 focused ion beam (FIB) system. The average grain size was calculated using a linear mean intercept method from the SEM images of several grains using ImageJ digital micrograph analysis software.
The wear and friction response of the alloy was evaluated using RTEC Universal Tribometer with a sliding reciprocating stage. Wear tests were carried out at a load of 10 N, stroke length of 1 mm, and reciprocating frequency of 5 Hz. Sliding duration was progressively increased from 2 to 120 min. Wear volume loss was quantified using white light interferometry. Nano-indentation was done using TI-Premier Triboindenter (Bruker) using a diamond Berkovich tip at room temperature. Maximum load used was 10,000 μN with loading time of 2 s, holding time of 5 s, and unloading time of 2 s. Raman spectroscopy (Nicolet Almega XR) with a near infrared laser (NIR, λ = 780 nm) was performed over the wear tracks to evaluate the nature of wear debris. To evaluate the phase-specific friction, a Picoindenter (PI 88 Hysitron Inc.) was used inside a FEI Nova NanoLab 200 FIB microscope. A diamond cube-corner tip was used to perform the scratch across the two phases with a load of 3000 µN. At least five tests were performed in various regions to determine the repeatability for the COF.
Corrosion resistance was evaluated using Gamry Ref3000 potentiostat. A three electrode system was used with saturated calomel electrode (SCE) as reference, Pt wire as counter, and the sample as working electrode. Corrosion behavior was evaluated in 3.5 wt.% (0.6 M) NaCl solution. OCP was determined by immersing the sample into solution with no external bias. Following a stable OCP, EIS was carried out from 10 −2 to 10 6 Hz at a rate of 10 points per decade. The EIS measurements were carried out at 5 mV rms bias for external perturbation. Following EIS measurement, cyclic polarization test was carried out by scanning the sample at a rate of 0.25 mV/s from −200 mV with respect to OCP up to stable pitting, and then the potential sweep direction was reversed. The pitting morphology was evaluated using scanning electron microscopy. Phase-specific electrochemical behavior was evaluated by a Princeton Applied Research SKP to determine the relative work function over an area of 100 µm 2 . A tungsten wire was used as a reference probe during SKP measurements. A high resolution topography map of the specimen was recorded to enable the use of constant height mode for SKP analysis. Work function was determined at a working distance of 50 µm with lab air (RH 55%) forming the capacitor between the W probe and working electrode. Fig. 9 Relative work-function topography obtained from scanning kelvin probe microscope of the phases shown in a Isometric view to delineate the potential changes and b top view to delineate the width of the bands corresponding to phases. The high work-function regions correspond to L12 whereas lower work-function regions are related to B2 lamellae 
